Microbially mediated methanogenesis and sulfate reduction in anoxic environments recently have received considerable attention (4, 10-12, 15, 16, 18, 19, 23, 27, 29) . The microorganisms responsible for these processes appear to have similar roles in nature (30) and are considered to be situated at the base of a complex anaerobic food web (27) . Since they utilize similar substrates, the processes are thought largely to be mutually exclusive due to competition for compounds such as H2 and acetate (1, 23, 28, 29) . Hence, methanogenesis usually is believed to be most active in areas devoid of sulfate (15, 16) . However, it has been demonstrated that methanogenesis and sulfate reduction can occur concomitantly in the sulfate reduction zone (12, 27) .
Although previous studies have measured the concentrations of methane and sulfate (15, 22) and reports of the rates of methanogenesis and sulfate reduction have appeared (8, 12, 19) , there is very little information on the populations of methane-producing and sulfate-reducing bacteria in marine sediments. Cappenberg (4) presented the population sizes of these bacteria in freshwater sediments, and Jones and Paynter (7) recently reported the most probable numbers of methanogens in salt marsh soils and estuarine sediments. We examined the population sizes of tPresent address: Jackson Estuarine Laboratory, University of New Hampshire, Durham, NH 03824. both methanogenic and sulfate-reducing bacteria in various sediments of eastern Long Island Sound and contiguous waters to determine whether their distribution agreed with previous hypotheses. We present here the first report of the distribution of these groups in marine sediments. H20, 0.06 g; Na2Mo04 2H20, 0.08 g; Na2EDTA, 6.0 g; and (iii) a 65-ml/liter NaHCO3 solution (8%). These solutions were prepared, filter sterilized, and maintained anaerobically. The final medium was tubed anaerobically, flushed with 02-free H2-CO2 (80:20) , and maintained as a liquid (45°C) until use. Just before inoculation, the cysteine sulfide reducing solution was injected, yielding a final concentration of reducing agents of 0.05% cysteine hydrochloride and 0.03% Na2S 9H20-Methane-producing bacteria also were enumerated by using the extinction dilution method of Zeikus and Winfrey (31) . Anaerobic broth tubes were prepared which contained the same ingredients and concentrations as above, except that 0.1% each of proteose peptone (Difco) and yeast extract were added, and sodium formate and methanol were omitted.
MATERIALS AND METHODS

Sampling locations. Three stations in eastern Con
Enrichment broths for formate, acetate, methanol, or H2-utilizing methanogens contained the ingredients above for roll tubes, except that agar was omitted, and only one of the energy sources was added. An N2-CO2 gas phase was used for media containing formate, acetate, or methanol. H2-CO2 (80:20) was used to enrich for H2-utilizing bacteria.
A modification of the medium of Postgate (20) was used to enumerate lactate-utilizing sulfate-reducing bacteria and contained (per liter of distilled water): KH2PO4, 0.5 g; NH4Cl, 1.0 g; Na2SO4, 1.0 g; CaC12, 0.33 g; MgSO4-7H2O, 2.0 g; sodium lactate, 3.5 ml (60% syrup); yeast extract, 1.0 g; sodium thioglycolate, 0.1 g; sodium ascorbate, 0.1 g; FeSO4O7H2O, 0.1 g; NaCI, 25.0 g; agar, 15.0 g. The pH was adjusted to 7.3 with NaOH (10%), and the medium was sterilized by autoclaving. Poured plates were stored in anaerobic jars (GasPak, BBL Microbiology Systems) until use.
Enumeration procedures. Subsamples (0.6 ml) were taken from cores through the predrilled holes, using 1.0-ml sterile syringes. The needle end of the syringe was removed, leaving only the barrel and plunger. Sediment (0.5 ml) was immediately placed into anaerobic dilution blanks which were being flushed with 02-free N2. Care was taken not to use the final 0.1 ml of the subsample to minimize contamination due to mud adhesion to the wall of the corer or due to the corer itself. Subsamples in dilution blanks were shaken for 5 min on a Vortex mixer, and 10-fold dilutions made by using syringes.
Samples (0.1 ml) of the appropriate dilutions were injected in duplicate into agar tubes for the enumeration of methanogens, and roll tubes were prepared (6). After incubation for 8 weeks at 20°C in the dark, tubes were tested for the presence of methane isothermally by using a Hewlett-Packard model 7620 gas chromatograph fitted with a 6-ft (1.8 m) stainless-steel column packed with 60 to 70-mesh silica gel, helium carrier gas (25 ml/min), and a flame ionization detector. Colonyforming units (CFU) were determined for methanepositive tubes only. Rarely were colonies present in tubes lacking methane. The negative pressure in roll tubes was periodically replaced with O2-free H2-CO2.
The extinction dilution broth tubes (4.5 ml) were initially inoculated with 0.5 ml of the original dilution and serially diluted (10-fold). Tubes were tested for the presence of methane after incubation at 20°C in the dark for 6 weeks, and an estimate of the numbers of methanogens was calculated from the highest dilution that contained methane and growth. When used on the same samples, the roll tube and extinction dilution methods yielded similar results.
Sulfate-reducing bacteria were enumerated as black colonies by using spread plates (3) incubated in anaerobic jars. Preliminary experiments showed that the spread plate method recovered higher numbers of sulfate-reducing bacteria than did the strict anaerobic technique with roll tubes and the same medium.
A volume (1 to 3 ml) of the 10-2 dilution of each subsample was filtered through a precombusted and tared glass fiber filter (Whatman) and dried to constant weight at 1050C. Reweighed filters were used to normalize all bacterial counts to dry weight.
Enumeration procedures for the Long Island Sound samples (stations D to H) were identical to those listed above, except that the methanogenic roll tube basal medium was prepared in advance and solidified in tubes. The heat-labile ingredients were injected into the remelted and cooled (45°C) basal medium just before use. All inoculations were made aboard ship.
Sulfate and chloride. After removal of subsamples for the bacterial enumerations, the remaining sediment was centrifuged, and the pore water was filtered through 0.45-,um membrane filters (Millipore). Sulfate was determined gravimetrically as BaSO4 (21) 
RESULTS
Most sediment samples were collected from station A because initial survey work with enrichment cultures showed constant and rapid production of methane; gas bubbles were released frequently during coring. The vertical abundance of sulfate-reducing bacteria, methanogenic bacteria, and sulfate in four of nine cores taken from station A is shown in Fig. 1 . These samples were collected within a 5-M2 area. Methanogens generally were more numerous than sulfate-reducing bacteria and were abundant in sulfate-rich as well as sulfate-depleted sediments. Sulfate-reducing bacteria were detected in sulfate-containing layers only and significantly correlated with sulfate concentration (P < 0.05). It should be noted that the actual sulfate concentrations are shown to depict the variation in sulfate reducers in relation to sulfate. However, this site was subject to groundwater intrusion as evidenced by the chloride profiles (Fig. 1) . The order of magnitude from March to July and correlated positively with temperature (P < 0.01). The populations of methanogens and sulfate reducers at station B were less than those at A and were restricted largely to the upper layers of sediment (Fig. 2) . The methane-producing bacteria counts were too low to be detected by the roll tube method but were enumerated using the extinction dilution method. The roll tube method alone failed to detect the presence of methanogens in two other cores collected from station B (data not shown). Sulfate-reducing bacteria were detected in the top 20 cm only, although sulfate was abundant throughout. The sulfate-reducing bacteria were as numerous at station B as at A and greatly outnumbered the methanogens.
The numbers of methanogens at station C (Fig. 2) were also too low to be detected by the roll tube method, and therefore the extinction dilution results are presented. Methanogens were detected only in the top subsample in the March core presented. Numbers did not increase once sulfate was depleted. The sulfatereducing bacteria at station C were found near the sediment surface. The depletion of sulfate at 50 cm indicated that sulfate reduction was occurring. Therefore, the population of sulfatereducing bacteria must have been patchy or small.
Results of enumerations in cores from stations D to H are shown in Table 1 . Except for station H, both the roll tube and extinction dilution methods were used, and the roll tube results are presented where possible. Methanogens were found in all cores, with the highest numbers present in the fine-grained sediments at stations F and H. A small population of methanogens was noted at stations D and E, whereas stations F to H had subsurface maxima which were found in the first subsample lacking detectable sulfate-reducing bacteria.
Methanogenic enrichments. Enrichments for different physiological types of methanogens were inoculated with sediments from station A and incubated at 20°C, and 0.1 ml was transferred to fresh broth every 2 weeks for 18 weeks. The headspace of cultures containing H2 was replaced weekly. A pure culture of Methanobacterium formicicum (obtained from P. Smith, University Florida) was also grown in the formate-containing medium and transferred at the same time as the others. Only cultures evolving methane rapidly and producing visible turbidity were maintained. Enrichment cultures were examined by both phase-contrast microscopy and bright-field microscopy, using simple stains.
Cultures containing formate grew most rapidly, although methanol-and H2-containing cultures were relatively dense. Acetate-containing enrichments failed to produce methane after three transfers and were discarded. Methanobacterium, Methanococcus, and Methanospirillum-like species were observed; irregular tetrads resembled Methanosarcina were not. Formate enrichments yielded predominantly long rods which closely resembled the pure culture of M. formicicum. Methanol enrichments contained predominantly cocci and short lancet-shaped rods. H2-containing cultures contained short and Detectable sulfate-reducing bacteria were restricted to the upper sediment regions at all locations. Although only lactate-oxidizing sulfate-reducing bacteria were enumerated during the present study, Laanbroek and Pfennig (13) found that the distribution of lactate-oxidizing sulfate reducers in marine sediment was the same as that for acetate-and propionate-oxidizing species. Of the stations at which sulfate was measured (A to C), only station A exhibited a significant correlation between the depth distribution of sulfate reducers and sulfate. The numbers of sulfate-reducing bacteria per gram at the estuarine sites were similar to those reported by Jorgensen (9) and Nedweil and Abram (17) but higher than those at the Long Island Sound stations and in continental shelf sediments (14) .
Recent work has demonstrated the production of methane in conjunction with the reduction of sulfate (12, 27) , and earlier reports suggested that these processes are mutually exclusive (15, 16, 18) . The present results demonstrated that the spatial distribution of abundant sulfate-reducing and methanogenic bacteria were mutually exclusive in seven of the eight sites examined. The distribution of these bacteria revealed three basic patterns: (i) the methanogenic population was small and restricted to near-surface regions occupied by abundant sulfate-reducing bacteria (stations B to E); (ii) methanogens were most abundant in sediments underlying regions of maximum numbers of sulfate-reducing bacteria (stations F to H); (iii) methanogens were abundant in regions containing large numbers of sulfate-reducing bacteria (station A). Numbers of bacteria necessarily do not reflect microbial activity; however, one cannot expect rapid methanogenic rates in locations with small populations. Sampling sites in category (i) above had a methanogenic population which was relatively small and probably restricted to microniches. In addition, the lack of a detectable methanogenic population in the sulfate-depleted regions of station C suggested that methanogenesis was not an important process at that location. This also may have been the case at station E. Microniches have been shown to be responsible for the presence of sulfate-reducing activity in oxidized sediments (8) and have been used to explain the distribution of methanogenic activity (7) and nitrate-reducing activity (24 All methanogenic genera, except Methanosarcina, were observed in enrichment culture, with the methanobacteria predominating. Zeikus and Winfrey (31) also noted a predominance of methanobacteria in freshwater sediments. However, they observed all four methanogenic genera, including Methanosarcina. The presence of methanococci and short methanobacteria and the lack of Methanosarcina in methanol enrichments were not expected since the latter species are commonly encountered with methanol as the selective agent (30) . The inability to detect Methanosarcina and maintain acetate enrichments did not indicate that these methanogens were absent. They may have been obtained under different culture conditions. Zeikus and Winfrey (31) also failed to obtain acetate-utilizing methanogens from enrichment cultures of freshwater sediments. The production of methane from acetate has been demonstrated in marine sediments (7, 23) .
In conclusion, the present results demonstrated that the distribution of abundant methanogenic and sulfate-reducing bacteria were mutually exclusive in these marine sediments. A further understanding of the sedimentary abundance of these bacterial groups must include studies of the sedimentation rate and the type and quantity of organic material available, and a closer examination of different types of methanogens and sulfate reducers.
